Abstract-This communication examines the performance of a rectangular patch antenna on heterogeneous substrates composed of metallic cuboid inclusions compared with homogenous substrates via simulations and measurements. The communication examines how the orientation of the inclusions affects the performance of the patch antenna. Anisotropy and diamagnetism of the heterogeneous substrate with metallic cuboid inclusions have been analyzed. As the resonant frequency of the patch is dependent on the electromagnetic (EM) parameters of its substrate(s), fixing the size of the patch and altering its substrates allows the EM properties of the substrates to be estimated and compared with predictions from theory and simulations.
simulation software Empire XCcel, while the measurements were done in an anechoic chamber.
Section II presents and compares the simulated results of a microstrip-fed patch antenna on a heterogeneous substrate with metallic cubic inclusions, to its homogenous equivalent with the same ε ef f . The simulated results of a multilayer substrate with metallic cuboid inclusions are given in Section III, while a comprehensive analysis via simulations of the designed patch on this substrate, highlighting its anisotropic and diamagnetic properties, is given in Section IV. Section V compares the simulated and measured results of the patch on the heterogeneous substrate to homogenous materials of known permittivity. Conclusion is given in Section VI.
II. SIMULATED METALLIC CUBIC INCLUSIONS
The patch dimensions shown in Fig. 1 are: length Lp = 24 mm; width Wp = 27.76 mm; feed line inset length lo = 8 mm; feed width wo = 1.24 mm; and gap between feed line and patch wg = 1.0 mm. Note: the impedance match of the patch changes with the substrate, but this communication focuses on fr and hence the same patch is used throughout.
First, a heterogeneous substrate with metallic cubic inclusions arranged in a simple cubic lattice was formed, as shown in Fig. 1 . Data used: cube length l = 0.50 µm, center-to-center spacing s = 0.75 µm; host permittivity, Polyethylene ε 1 = 2.25 (tan δ = 0.001); μ1 = μ2 = 1; total thickness of two-layer substrate ds = 1.50 mm; and Copper inclusions (σ = 5.8 × 10 7 S/m). Copper's equivalent permittivity ε2 = (12.70 + j103.93) × 10 6 was calculated using the Drude model [21] and used in the equations [12] , [22] .
From the canonical equations [22] , ε ef f = 5.09 (tan δ = 0.001) for this substrate. This is used in the simulations for a homogenous equivalent substrate (ds = 1.50 mm) and assuming μ ef f = 1.
In [17] , the simulated results of a patch antenna on a substrate with dielectric cubic inclusions and its homogenous equivalent gave good agreement. From Fig. 2 , the significant disparity in f r between the heterogeneous and homogenous results highlights the diamagnetism introduced by the metallic inclusions [12] , [23] and is examined in detail in Section IV.
III. PLANE WAVE EXTRACTION OF HETEROGENEOUS SAMPLE
An anisotropic heterogeneous substrate was made by stacking together nine layers of 500 µm 2 × 35 µm thick copper cuboids etched on either side of a 70-µm Taconic FF-27 substrate.
The schematic diagram of this sample is shown in Fig. 3 , and is referred to as T9ST for the rest of the communication, where T represents a plain Taconic FF-27 substrate used as the top and the bottom layers, and 9S represents the number of cuboid-etched layers of the FF-27 substrate stacked [see Fig. 3(b) ].
The orientations of the inclusions to the plane-wave polarization are shown in Fig. 4 . The extracted and μ ef f and ε ef f (using a resonantinverse-scattering approach, detailed in [18] ) of the three orientations of the sample are shown in Fig. 5 . Due to the unequal periodicity and dimensions of the inclusions, the sample's ε ef f , μ ef f , and n ef f tensors are (5.30, 5.36, 3.77), (0.77, 0.59, 0.77), and (2.02, 1.77, 1.70), respectively, corresponding to Fig. 4(a)-(c) .
The anisotropic and diamagnetic characteristics of this heterogeneous substrate are detailed in Section IV. 
IV. SIMULATION ANALYSIS OF HETEROGENEOUS SAMPLE
In this section, the patch dimensions were: Lp = 23.17 mm; Wp = 30.15 mm; lo = 8 mm; and wo = 3 mm. Two patches were simulated-on a low loss, 1.51-mm Taconic RF-45 substrate (εr = 4.50 and tan δ = 0.0037), and on a 70-µm Taconic FF-27 substrate (εr = 2.68 and tan δ = 0.0012), to show repeatability.
A. Anisotropy
Simulations were used to examine the effect of the anisotropy of the sample in Section III on a patch antenna by having the copper cuboids in three orientations (see Fig. 4 ). The T9ST sample was sandwiched For the patch on the RF-45 substrate, the resonant frequencies were 3.01, 3.17, and 3.09 GHz [see Fig. 7 (a)], and 2.71, 3.04, and 2.86 GHz [see Fig. 7(b) ] for the patch on the FF-27 substrate.
The differences in f r show that each orientation of the cuboids relative to the patch creates a different effect on the fields between the patch and its ground plane [20] . Although the extracted results for Fig. 4 represent a plane wave with the source in the far field of the T9ST sample while that of Fig. 6 has the source closer to the sample, the dominant fields in both cases are E z and Hy [20] . The effective refractive index for Fig. 4(b) and (c) was 1.77 and 1.70, respectively. Therefore, fr for Fig. 6 (c) was expected to be higher than that for Fig. 6(b) . 
B. Diamagnetism
In order to test the effect of diamagnetism on the resonant frequency of the patch antenna, a homogenous substrate's μr was varied from 0.1 to 1 with a fixed value of εr = 5.30 via simulations and the results are shown in Fig. 8 . It can be seen that fr increases with decreasing μr, which confirms that the diamagnetic nature of any sample contributed to the increase in fr seen in Fig. 2 and the difference in the impedance match. It has been determined in Section III via plane-wave analysis that the sample is diamagnetic with an average μ ef f = 0.77 or 0.59, depending on the cuboids' orientation to the plane wave. Comparing the resonant frequency for Fig. 6(a)-3 .01 GHz, with the plots in Fig. 8 , it can be seen that fr for Fig. 6(a) lies between those for μr = 0.7 (fr = 3.03 GHz) and μr = 0.8 (fr = 2.95 GHz), obtained in Section III for the T9ST sample. Using the same analysis for Figs. 4(b)/ Fig. 6(b) with ε ef f = 5.36, the resonant frequency for Fig. 6(b) , fr = 3.17 GHz, falls between those for μr = 0.5 and μr = 0.6. (The less-than-2% difference in ε ef f can be ignored). These analyses confirm that the T9ST sample is diamagnetic explaining the increase in fr compared to a homogenous equivalent with μ ef f = 1. A comparison of the S11 values is shown in Fig. 9 and shows that the μ ef f of the T9ST sample lies between 0.7 and 0.8, close to one of the tensor values (0.77) obtained previously from the plane-wave simulation-inversion process in Section III.
V. MEASUREMENTS OF PATCH ON DUAL SUBSTRATES
Two patches were measured with the T9ST substrate underneath to (a) validate the ε ef f , μ ef f from theory and simulations and (b) determine the radiation patterns and efficiencies of the patch. A two-layer substrate shown in Fig. 10 was used as the patch was etched on the top substrate. It allowed comparison of the performance of the patch on different homogenous substrates of known properties to the T9ST substrate under similar conditions. A multilayer substrate has effective EM properties dependent on the EM and geometric properties of each layer, and can be represented as a single substrate [24] . Thus, by altering one or both of the substrates underneath the patch, the effective EM properties "seen" by the patch is altered changing its resonant frequency.
The substrates in Fig. 6 (a) and (b) were only simulated as it is cumbersome to stack several layers of thin etched strips together of sufficient size for measurements.
As the same patch was to be placed on different substrates and measured in an anechoic chamber, a support mechanism shown in Fig. 11 was designed to hold the structure in place during measurements. The metal block was the ground plane and holes were drilled through it and the substrates (see example in Fig. 12 ) at the same points for alignment. Plastic screws were used to hold the substrates and minimize air gaps between layers. 
A. Patch Antenna on 1.51-mm Low-Loss RF-45 Substrate
The same patch dimensions in Section IV were used here. Comparisons were made with this patch placed on different substrates (as in Fig. 10 ). The simulated and measured S11 plots are shown in Fig. 13 and summarized in Table I . As fr depends on the effective properties of the substrate(s), it can be concluded that the n ef f of the T9ST sample lies between those of RF-45 with εr = 4.5 and TLY-5 with εr = 2.2 (both have μr = 1). Air gaps in the substrates may have increased due to the mounting arrangement causing an apparent reduction in the n ef f of the T9ST substrate. Note: the same patch and feed line was used in all cases (and not optimized), with the changing εr. This changes the matching and thus, it is not fair to compare the bandwidths.
Simulated and measured radiation patterns of the patch are shown in Fig. 14 . From these results, it can be concluded that the simulation results give "ideal" results and the measurements have more nulls, due to the positioner and cable effects. Generally, the patterns show reasonable agreement.
"NONE" in the tables represent the case when there is just a single substrate below the patch antenna, i.e., without the "standard or T9ST substrate." Table I shows that the simulated and measured resonant frequencies are in good agreement for all substrates. From these results, the radiated efficiencies and return losses from the simulations and measurements are comparable. The radiated efficiencies and gain values are all above 75% and 5.5 dBi, respectively.
B. Patch Antenna on 0.07-mm FF-27 Substrate
A second patch printed on the FF-27 substrate (ε r = 2.68 and tan δ = 0.0012) was to investigate the repeatability of the above results on a thinner substrate. Patch dimensions are Lp = 29.3 mm, Wp = 36.2 mm, lo = 8.0 mm, and wo = 3.6 mm, and were modified for the change in substrate to ensure a good match with the lower substrates. The simulated and measured results for this patch are shown in Fig. 15 . Fig. 15(a) shows that the ε ef f of the T9ST sample lies between Taconic's TLY-5 with εr = 2.2 and RF-45 with εr = 4.5. There is a discrepancy between the simulated and measured fr of the T9ST sample, which is due to misalignment of inclusions and air gaps between the two substrates not replicated in the simulations, leading to a decrease in its n ef f for this orientation. This decrease was pronounced in this case due to the thin (0.07 mm) substrate separating the patch from the T9ST sample. It is worth noting that even with the patch in close proximity to the metallic inclusions, the measured radiation efficiency is greater than 60% with a gain of 5.6 dBi. The radiation patterns for the patch on the T9ST sample from simulations and measurements are given in Fig. 16 . A summary of the results is given in Table II similar to the results with the RF-45 substrate given in Table I .
By considering a microstrip patch on different substrates, the n ef f of the T9ST sample has been shown to corroborate its plane-wave extracted results. Similar results have been obtained with an offset feed. These results show that the patch antenna with the T9ST sample radiates without experiencing excessive losses, gives a reasonable frequency response, and is not adversely affected by the close proximity of the small copper cuboids.
The radiation patterns including nulls, cross-polar, and copolar components of the patch on the RF-45 (conventional) substrate compare well with those of the T9ST substrate.
VI. CONCLUSION
It has been shown that copper inclusions having nonequal dimensions introduce anisotropy and diamagnetism to the effective EM properties of heterogeneous substrates. These two properties have been studied via simulations using a simple patch antenna. Two patch antennas were used to examine the performance, and predict the n ef f , of the T9ST sample, via simulations and measurements. It is worth noting that the radiation efficiencies and the peak gains of the patch antenna do not significantly deteriorate with the increased proximity of the copper cuboids of the T9ST sample to the patch when it was etched on the 70-µm thin FF-27 substrate.
